Introduction

47
Pharmaceuticals and personal care products have been identified as contaminants of concern 48 owing to their ubiquitous occurrence and the risk that they might cause to the aquatic 49 environment (Boxall et al., 2003 , Daughton and Ternes, 1999 , Kolpin et al., 2002 . Among the 50 pharmaceuticals, sulfonamide antibiotics are antibacterial compounds widely used in human and 51 veterinary medicine (Hirsch et al., 1999) . Depending on their application, they may enter the 52 aquatic environment through wastewater effluents (Götz et al., 2010) , leaching from manure 53 (Sukul et al., 2008) , or direct use in aquaculture ponds (Guerard et al., 2009a) . Sulfonamide 54 antibiotics, including the two title compounds, are frequently encountered at concentrations of 55 0.012 μg/L in surface waters (Hirsch et al., 1999 , Hollender et al., 2009 , Kolpin et al., 2002 . 56
Besides the possible risks connected to the presence of a low-concentration cocktail of 57 pharmaceuticals (Pomati et al., 2006) , the main concern is that bacteria in the environment might 58 develop resistance against these antibiotics in spite of the low exposure levels (Dodd et al., 2009, 59 Dodd, 2012, Gilliver et al., 1999 , Witte, 1998 . 60
The fate of sulfonamide antibiotics in the aquatic environment has been the subject of various 61 studies in recent years. Although the capability of certain bacterial strains to degrade sulfonamide 62 antibiotics has been newly demonstrated (Bouju et al., 2012 , Zhang et al., 2012 , investigations in 63 an aquatic outdoor field microcosm lead to the conclusion that biodegradation was not an 64 important loss process for sulfamethoxazole (SMX) and suggested photodegradation as the main 65 depletion pathway (Lam et al., 2004 ). Boreen and co-workers characterized the 66 phototransformation of ten sulfonamides containing five-membered (Boreen et al., 2004 ) and six-67 membered (Boreen et al., 2005) heterocyclic groups. While compounds of the first class were 68
shown to undergo uniquely direct phototransformation under sunlight, the sulfonamides with the 69
River water and wastewater effluent samples 139
River water samples were taken from the Thur River, a tributary of the Rhine River located in 140
North-East Switzerland. The Thur River valley has no natural or artificial lake in its course. The 141 annual average discharge (19042011) is about 47 m 3 s -1 . The catchment is characterized by its 142 rural environment and agricultural activity. If not further specified, Thur River water samples 143 were taken at a single sampling point near Niederneunforn (47° 35′ 60′′ N, 8° 46′ 60′′ E). A 144 detailed description of the field site is given elsewhere (Diem et al., 2013 , Schneider et al., 2011 . 145
Sampling points of a one-day field campaign along the course of the Thur River are described in 146 detail in the Supplementary Information (SI), Text S1. Wastewater effluent was taken from a 147 wastewater pilot plant of Eawag, receiving municipal wastewater of the city of Dübendorf, 148
Switzerland (mixed household and industrial origin). Selected water quality parameters of the 149 sampled river waters and wastewaters, which are relevant for the phototransformation studies, are 150 given in Table 1 . All sampled river waters and wastewaters were directly filtered under vacuum 151 by using pre-rinsed cellulose nitrate membrane filters of 0.45 μm pore size. The filtered samples 152 were stored in glass bottles in the dark at 4 °C. A fraction of the filtered wastewater sample A1 153 was treated by electrodialysis (PCCell GmbH, Heusweiler, Germany) to remove salts, in 154 particular nitrate and nitrite, and the filtrate is termed as wastewater A2 (Table 1) . More water 155 quality parameters of river and wastewater samples, and river water samples of the one-day field 156 campaign are listed in the SI, Tables S1 and S2, respectively. Note that in all used water samples 157 iron was below the limit of detection (< 10 μg L -1 ) as measured by ICP-OES. 158 159 ( In brief, the sample tubes were exposed to the simulated solar light in a temperature-controlled 165 ultrapure water bath (25.0±0.5 °C) located under the solar simulator. A detailed description of the 166 experimental set up is given elsewhere (Huntscha et al., 2008) . Alternatively, a DEMA 125 167 merry-go-round photoreactor (Hans Mangels GmbH, Bornheim-Roisdorf, Germany) equipped 168 with a Heraeus Noblelight TQ 718 medium-pressure mercury lamp (MP Hg lamp) was employed. 169
It was operated with a borosilicate glass cooling jacket and a 0.15 M sodium nitrate filter solution 170
(permitting only transmission of wavelengths,  > 320 nm) (Wegelin et al., 1994) , a typical 171 configuration used to study photosensitized reactions and reduce the contribution of direct 172 phototransformation to the total photoinduced transformation . For both 173 irradiation setups, light screening effects caused by absorption of light in the irradiated samples, 174 in particular by the DOM or EfOM present in the aqueous solutions and real water samples, were 175 neglected because smaller than the typical relative experimental error of 15% for the 176 determination of phototransformation rate constants. For the solar simulator, they were estimated 177 to be <7.6% for SRFA solutions and <5.0% for all other waters, based on the absorption 178 coefficients of these samples at 310 nm, while for the merry-go-round photoreactor they were 179 even lower (calculations performed using the method described in Wenk et al. (2011) ). 180
During irradiation experiments, 400 µL samples were withdrawn from each tube at six 181 equidistant time intervals during irradiation. With the solar simulator, water samples containing 182 SD, SMX and TMP were irradiated for a total time of 6, 8 and 2 hours, respectively. With the 183 merry-go-round photoreactor, overall irradiation times were 2 hours, 4 hours and 18 min, 184 respectively. Solutions containing standard DOM were buffered at pH 8.0 with 5 mM phosphate 185 (Na 2 HPO 4 /NaH 2 PO 4 ). The pH of filtered river water and wastewater samples was in the range of 186 7.58.5 (Table 1) in the presence and absence of scavengers, are significantly higher than for ultrapure water 252 solution, indicating that indirect phototransformation is likely to be a significant process. In the 253 absence of scavengers, the phototransformation rate constants for spring water (0.09 h -1 ) and river 254 water A (0.13 h -1 ) are enhanced by a factor of 2.4 and 3.5, respectively, compared to the rate 255 obtained for ultrapure water (0.037 h -1 ), which is assumed to correspond to the rate constant for 256 direct phototransformation. Interestingly, the phototransformation rate constants in DOM-257 containing waters do not seem to strongly depend on the DOM concentration. Wastewater B 258 exhibits the highest rate (0.22 h -1 ), although its DOM concentration is in the same range as for the 259 other wastewaters. The increased rate is possibly related to the high nitrite concentration of this 260 wastewater (Table 1 , see also discussion below). Regarding the solutions of the two DOM 261 extracts, PLFA shows a rate similar to those for the river waters, while the rate for SRFA is 262 clearly lower, but still higher than the one for ultrapure water. 263
To identify the factors controlling the phototransformation rate constants of SD, experiments 264 using isopropanol as a scavenger of the hydroxyl radical and phenol as an inhibitor of the triplet-265 induced transformation of sulfonamides were performed. The addition of 10 mM isopropanol 266 (second-order rate constant for the reaction with the hydroxyl radical: k OH the studied waters a significant fraction (46%62%) of the hydroxyl radical is scavenged in the 280 presence of 10 M phenol. Figure 1a shows that the presence of phenol significantly reduced the 281 phototransformation rate constants of SD for all waters, though at a variable extent. The 282 reduction for the spring water and river water was similar to the sample containing PLFA. With 283 the assumption that indirect phototransformation rate constants can be calculated by subtraction 284 of the rate obtained for ultrapure water from the overall rate, one obtains reductions in indirect 285 phototransformation of about 60% (±6%) upon phenol addition, very much in line with the 286 previous observations with PLFA and several surface water samples irradiated using the merry-287 go-round photoreactor ( > 320 nm) (Wenk and Canonica, 2012) . Such a strong reduction was 288 attributed to the relatively low concentration of antioxidant moieties in PLFA and the studied 289 surface waters. By contrast, the reduction of phototransformation rate constant upon phenol 290 addition was minor for the SRFA solution and the wastewaters A1 and A2, probably indicating a 291 higher concentration of antioxidant moieties in these waters. For wastewater B the rate constant 292 reduction upon phenol addition was quite substantial and larger than the reduction obtained upon 293 isopropanol addition (see above). Therefore, both inhibition of triplet-induced oxidation and 294 hydroxyl radical scavenging appear to be responsible for the observed reduction of the rate 295 constant. Finally, it has to be noted that even for ultrapure water phenol addition causes a slight 296 reduction of the phototransformation rate constant, possibly indicating that direct 297 phototransformation involves reaction intermediates that may be reduced by antioxidants such as 298 phenol. 299 with respect to the other waters is higher than for simulated sunlight (Figure 1a) , suggesting, for 315 these three water samples, a higher proportion of photo-active chromophores under these 316 irradiation conditions than under simulated sunlight. The effects of scavenger addition are overall 317 very similar for both types of irradiation, in agreement with the assumption that the 318 phototransformation mechanisms should essentially be the same. For SMX (Figure 2b) direct 319 phototransformation appears to be largely suppressed, in agreement with the observation that 320 SMX barely absorbs any light above 320 nm (see Figure S4 for its electronic absorption 321 spectrum). In contrast, indirect phototransformation is clearly observed for all water samples, 322 with the highest rate for wastewater C. The relative phototransformation rate constants of SMX 323 follow the same order and approximate magnitude as for SD, and the effect of scavenger addition 324 is also very similar. In wastewater B for SD and wastewater C for SMX, the contribution of 325 hydroxyl radical to phototransformation is indicated by the significant rate reduction upon 326 isopropanol addition, and the even greater reduction observed upon addition of phenol points to 327 an important contribution of triplet-induced phototransformation. (Figure 1b) . However, the relative contribution of indirect 341 phototransformation is expected to increase with depth in a water body, since the spectrum of 342 solar light at increasing depth becomes more and more red-shifted due to the wavelength-343 dependent absorption caused by DOM/EfOM. This is expected to reduce the rate of light 344 absorption by SMX (see Figure S4) Table S4 ). The contribution of nitrate as a hydroxyl radical precursor was found to be 356 negligible, which is backed by the absence of reduction in SD phototransformation rate constant 357 upon isopropanol addition for wastewater A1 (which has the highest nitrate concentration of all 358 studied samples, see Figure 1a and Table 1 
Effect of concentration and type of DOM 388
To investigate the effect of DOM on the phototransformation rate constants of SD and SMX, 389 buffered solutions with various concentrations of two well-characterized DOM extracts, SRFA 390 and PLFA, were irradiated using the solar simulator. These fulvic acids were selected because 391 they can be considered as representatives of two different types of aquatic DOM, the first of 392 mainly allochthonous character and the second of pure autochthonous character, and therefore 393 they should be able to reflect to a great extent the variability of effects to be expected from 394 surface water DOM. interference with process #1 is also possible, but it has been neglected in the scheme to keep it 497 simple). In process #4, DOM/EfOM is assumed to function as an antioxidant (or electron donor) 498 and thus reacts to give DOM ox /EfOM ox . For some RS, e.g. hydroxyl radical, DOM/EfOM can be 499 effective scavengers, which is represented by process #5. 500
Despite their markedly different photochemical behavior, the phototransformation of SD and 501 SMX can be explained in terms of Scheme 1. While the sunlight-induced transformation of SMX 502 is generally dominated by direct phototransformation (process #1), SD undergoes both direct 503 (process #1) and indirect phototransformation (processes #2 and #3), the latter being favored in 504 waters containing DOM with a low antioxidant capacity (weak back-reaction through process #4). 505
The photochemical fate of SD and SMX in surface waters is probably typical for the two classes 506 of sulfonamide antibiotics identified by Boreen and coworkers (Boreen et al., 2004 (Boreen et al., , 2005 , 507 namely the one containing a five-membered and six-membered heterocyclic ring substituent, 508 respectively. However, SMX was also shown to be potentially affected by DOM/EfOM-induced 509 photosensitized transformation, a process which may become important at increasing depth 510 below the surface of a water body, and this effect is expected to concern the analogous 511 compounds of the same sulfonamide class. A quantitative assessment of such an effect is planned. 512 Under solar-simulated irradiation, direct phototransformation of SMX was largely predominant, 528 and significant indirect phototransformation was only detected in a sample of a wastewater 529 effluent. The reactive species responsible for this indirect pathway was possibly the hydroxyl 530 radical, but its photochemical sources could not be identified with certainty. However, SMX was 531
shown to also undergo DOM/EfOM-photosensitized transformation when UVA light from a 532 medium-pressure mercury arc lamp was used for irradiations. This process might become 533 important with increasing depth in a water body. 534
In river waters, wastewater effluents and solutions of PLFA (an authochtonous aquatic DOM), 535 
